Inhibiting oocyte spontaneous activation (SA) is essential for successful rat cloning by nuclear transfer (NT). This study tested the hypothesis that activities of the Na + /Ca 2+ exchanger (NCX) would decrease with oocyte aging and that SA of rat oocytes could be inhibited if the intraoocyte Ca 2+ rises were prevented by activating the NCX through increasing Na + concentrations in the culture medium. Elevating Na + levels in culture medium by supplementing NaCl inhibited SA of rat oocytes, while maintaining a constant level of maturation-promoting factor and mitogen-activated protein kinase activities. Experiments using the NCX inhibitor bepridil, the Na + /K + -ATPase inhibitor ouabain, and an assay for intraoocyte Ca 2+ concentrations showed that extracellular Na + inhibited rat oocyte SA by enhancing NCX activity and preventing intracellular Ca 2+ rises. Immunohistochemical quantification indicated that the density of NCX1 decreased significantly in aged oocytes that were prone to SA compared with that in freshly ovulated oocytes whose SA rates were low during in vitro culture. Cumulus cell NT showed that sham enucleation caused marked SA in freshly ovulated rat oocytes and that Na + supplementation prevented the manipulation-induced SA and improved the in vitro and in vivo development of rat somatic cell NT embryos. Taken together, the results have confirmed our hypothesis that the NCX is active in rat oocytes and its activity decreases with oocyte aging and that activating the NCX by increasing extracellular Na + inhibits SA of rat oocytes and improves the development of rat somatic cell NT embryos. These data are also important for understanding the mechanisms of oocyte aging. Na + /Ca 2+ exchanger, oocyte, rat, somatic cell nuclear transfer, spontaneous activation
INTRODUCTION
The rat has classically been the species of choice for cardiovascular, pharmacological, and neurological research [1, 2] . Thus, intensive efforts have been made to establish the rat as a strong genetic animal model. However, studies [3] [4] [5] [6] [7] have failed to obtain rat offspring by nuclear transfer (NT) of somatic cells. Unlike oocytes from other mammals, the rat oocytes undergo spontaneous activation (SA) soon after collection from the oviduct [8, 9] . Rat somatic cell nuclei introduced into enucleated rat oocytes do not show premature chromosome condensation [4] and might not be properly reprogrammed due to oocyte SA during NT manipulation [10] . Inhibiting oocyte SA is thus of great importance for successful rat cloning. By treating oocytes with the protease inhibitor N-(benzyloxycarbonyl) leucinylleucinylleucinal Z-Leu-Leu-Leual (MG132), Zhou et al. [11] obtained cloned rats after somatic cell NT. However, because MG132 was found to have adverse effects on oocytes and somatic cells [12] [13] [14] , alternative measures must be developed to control SA of rat oocytes to establish a routine rat cloning procedure.
Mammalian oocytes are activated by intracellular calcium oscillations at fertilization [15, 16] . Although the precise mechanism by which sperm initiate the Ca 2+ increase is not fully clear, it has been established that it involves activation of the phosphoinositide pathway [17, 18] . Activation of the phosphoinositide pathway results in the production of inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) [19] [20] [21] . While an increase in the intracellular IP3 mediates Ca 2+ release by binding and gating its receptor on the endoplasmic reticulum membrane [22] [23] [24] , DAG may be involved in the regulation of Ca 2+ influx [25, 26] . Similarly, it has been shown that parthenogenetic agents activate oocytes also by inducing intracellular Ca 2+ rises [27] [28] [29] [30] [31] . Mature rat eggs showed reduced rates of SA when cultured either in calcium-free medium or in calcium-containing medium with L-type calcium channel blocker or IP3 receptor inhibitor [3, 32, 33] . Furthermore, our recent study [34] observed Ca 2+ increases in rat oocytes during SA.
There are two major mechanisms responsible for Ca 2+ extrusion across the plasma membrane: the Ca 2+ -ATPase and Na + /Ca 2+ exchange [35, 36] . The Na + /Ca 2+ exchange has been observed in many cell types [37, 38] , including the oocyte [39] [40] [41] [42] . The Na + /Ca 2+ exchanger (NCX) uses the electrochemical gradient of Na + across the plasma membrane to exchange three Na + ions into the cell for the extrusion of one Ca 2+ ion [43] [44] [45] [46] . Thus, maneuvers that increase the Na + gradient across the plasma membrane will activate the NCX and promote Ca 2+ efflux. In hamster oocytes, for example, Na + -free medium slows the recovery of a Ca
2+
-dependent hyperpolarization [39, 40] . In mouse oocytes, inhibition of Na + /Ca 2+ exchange causes an increase in intracellular Ca 2+ , and Na + repletion leads to a net Ca 2+ efflux [41] . In addition, sodium pyruvate supplementation, which would increase the Na + concentration of culture media, was found to inhibit the aging of mouse oocytes [47] . We therefore hypothesize that the activity of the NCX would decrease with oocyte aging and that SA of rat oocytes could be inhibited if the rises of intraoocyte Ca 2+ are prevented by activating the NCX through increasing Na + concentrations in the culture medium. The Na + /Ca 2+ exchange has been observed in mouse [41, 48] and porcine [42] oocytes, but it has not been reported in rat oocytes. Furthermore, whether NCX activity changes with and whether it is involved in oocyte aging is not known. The aim of the present study was to examine Na + /Ca 2+ exchange activity in the rat oocyte and to assess the feasibility to control SA of rat oocytes by increasing Na + concentrations in the culture medium. The results indicated that the contents of the NCX decreased, while the susceptibility to SA increased significantly in aged rat oocytes. The Na + supplementation to medium inhibited SA of rat oocytes by increasing NCX activity and thus preventing intracellular Ca 2+ rises. The Na + supplementation also prevented the NT manipulation-induced SA of freshly ovulated oocytes and improved the development of rat somatic cell NT embryos. These data are also important for understanding the mechanisms of oocyte aging.
MATERIALS AND METHODS
Most chemicals and reagents used in this study were purchased from the same supplier. Unless otherwise specified, they were obtained from Sigma.
Oocyte Recovery
Sprague-Dawley (SD) rats were kept in an air-conditioned room with 14L:10D cycles, with the darkness starting from 2100 h. The animals were handled according to the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University. Female rats, 23-26 days after birth, were induced to superovulate with equine chorionic gonadotropin (eCG [15 IU i.p.]), followed 48 h later by human chorionic gonadotropin (hCG [15 IU i.p.] ). Both the eCG and hCG used in this study were from Ningbo Hormone Product Co., Ltd. The superovulated rats were euthanized at different times after hCG injection, and the oviductal ampullae were broken to release the oocytes. After being dispersed and washed three times in embryo transfer (M2) medium, the oocytes were denuded of cumulus cells by pipetting with a thin pipette in a drop of M2 medium containing 0.1% hyaluronidase. To recover in vivo fertilized zygotes, females were superovulated as described above and mated with males of the same strain immediately after hCG injection. The mated females were euthanized 24 h after hCG injection to collect the zygotes.
Oocyte Aging In Vitro
For in vitro aging, rat oocytes recovered 13.5 h or 19 h after hCG injection were cultured for 6 h in the aging medium, which is a modified rat one-cell embryo culture medium (mR1ECM) [49] supplemented with different substances. To prepare stock solutions, bepridil and ouabain were dissolved in dimethyl sulfoxide at 50 mM and 400 mM, respectively. The stock solutions were stored in aliquots at À208C and diluted to desired concentrations with mR1ECM immediately before use. Osmolarities of media were measured with a cryoscopic osmometer (Osmomat 030; Gonotec). The aging culture was conducted in wells (20-35 oocytes per well) of a 96-well culture plate containing 200 ll of the aging medium covered with mineral oil at 378C under 5% CO 2 in humidified air.
Assessment of Oocyte SA
Cumulus-free oocytes were fixed with 3.7% paraformaldehyde in M2 medium for 30 min at room temperature before being stained with 10 lg/ml of Hoechst 33342 and mounted on glass slides. The state of chromosomes was observed under an epifluorescence microscope (DMLB; Leica) and was classified into two types. Oocytes with chromosomes compacted at the metaphase plate (Fig. 1A) were considered to be at the metaphase II stage, whereas oocytes with chromosomes dispersed in the cytoplasm (Fig. 1B) were classified as activated.
Assay of Maturation-Promoting Factor and MitogenActivated Protein Kinase Activities
Forty cumulus-free oocytes from each treatment were washed three times in the histone kinase buffer (15 mM 3-[n-morpholino] propanesulfonic acid, pH 7.2, containing 80 mM b-glycerophosphate, 10 mM ethyleneglycoltetracetic acid, 15 mM MgCl 2 , 0.1 mM PMSF, 10 lg/ml of leupeptin, 10 lg/ml of aprotinin, and 10 lg/ml of cAMP-dependent protein kinase inhibitor peptide). They were transferred to 10 ll of histone kinase buffer contained in a 1.5-ml microfuge tube and stored frozen at À708C. Before kinase reactions, the frozen samples were subjected four to five times to freezing and thawing to prepare lysates. Kinase reactions were initiated by the addition of 10 ll of substrate buffer containing 2 mg/ml of histone H1, 2 mM dithiothreitol, and 5 lCi of [c-32P] ATP to each sample, and the reactions were carried out for 50 min at 378C. The reaction was terminated by the addition of an equal volume of double-strength SDS sample buffer containing b-mercaptoethanol, and the mixture was boiled for 3-5 min. Kinase reaction products were then separated by 12% linear gradient SDS-PAGE. Gels were exposed to phosphor screens. Data acquisition involved the actual scanning of sample images with the Cyclone Plus Storage Phosphor System to create an image file that can be analyzed by the OptiQuant Image Analysis Software. The maturationpromoting factor (MPF) activity values of newly ovulated oocytes (recovered 13.5 h after hCG injection) were arbitrarily set as 100%, and the other values were expressed relative to this activity. The amount of kinase reaction product used for SDS-PAGE was strictly controlled (20 ll) for each sample, and three samples were analyzed for each treatment. The same procedures were repeated for the assay of mitogen-activated protein kinase (MAPK) activity except that 2 mg/ml of histone H1 was replaced with 1 mg/ml of bovine myelin basic protein in the substrate buffer. CUI ET AL.
Calcium Measurement
Intracellular Ca 2+ was measured using the Ca
2+
-sensitive dye fluo-3. For loading, oocytes were incubated for 20 min at 378C with a 30 lM acetoxymethyl form of the dye made up in Hepes-buffered mR1ECM (HR1) with 0.02% pluronic F-127. The HR1 was supplemented with or without 50 mM NaCl with or without 37.5 lM bepridil depending on the experimental design. After loading, oocytes were washed with and placed in 1 drop of HR1 with or without 50 mM NaCl under paraffin oil in a fluorodish (World Precision Instruments, Inc.) with its base coated with phytoagglutinin. The dish was transferred to a heated stage (378C) of a laser scanning confocal microscope (TCS SP2; Leica). Oocytes were observed using a 103 objective. An argon laser was used for excitation at 488 nm, and signals emitted at 505-540 nm were collected for 95 min by the laser scanning confocal imaging system. Traces of calcium oscillations were plotted using SigmaPlot 2000 software. Each treatment was repeated three times, with each replicate containing about 20 oocytes.
Immunofluorescence Microscopy
All the procedures were conducted at room temperature unless otherwise specified. Oocytes were washed three times in M2 medium between treatments. Cumulus-free oocytes were 1) fixed with 3.7% paraformaldehyde in PHEM buffer (60 mM PIPES, 25 mM Hepes, 10 mM ethyleneglycoltetracetic acid, and 4 mM MgSO 4 [pH 7.0]) for at least 30 min, followed by treatment with 0.25% protease in M2 medium for 1-2 sec to remove zona pellucida; 2) permeabilized with 0.1% Triton X-100 in PHEM buffer for 5 min; 3) blocked in PHEM buffer containing 3% bovine serum albumin (BSA) for 1 h; 4) incubated overnight with mouse monoclonal anti-NCX1 (IgM, 1:400; Abcam) in 3% BSA in M2 medium at 48C; 5) incubated for 1 h with Cy3-conjugated goat anti-mouse IgM (1:800; Jackson ImmunoResearch) in 3% BSA in M2 medium; and 6) incubated for 10 min with 10 lg/ml of Hoechst 33342 in M2 medium. Negative control samples in which the primary antibody was omitted were also evaluated.
The stained oocytes were mounted on glass slides and observed with a laser scanning confocal microscope (TCS SP2; Leica). Blue diode (405 nm) and helium-neon (543 nm) lasers were used to excite Hoechst 33342 and Cy3, respectively. Fluorescence was detected with band-pass emission filters (420-480 nm for Hoechst 33342 and 560-605 nm for Cy3), and the captured signals were recorded as blue and red, respectively.
The relative content of NCX1 was quantified by measuring fluorescence intensities. For each experimental series, all high-resolution z-stack images were acquired with identical settings. The relative intensities were measured on the raw images using a software package (Image-Pro Plus; Media Cybernetics Inc.) under fixed thresholds across all slides.
Micromanipulation
Micromanipulation was performed using a Leica inverted microscope equipped with a piezo-driven micromanipulator. The medium used for micromanipulation was HR1 with polyvinyl alcohol replaced with 4 mg/ml of BSA. Oocytes were enucleated in HR1 containing 1 lg/ml of cytochalasin B (CB) with or without 5 lM MG132 or 50 mM NaCl using a pipette 15 lm in diameter. Enucleation was confirmed by staining with 0.5 lg/ml of Hoechst 33342. Cumulus cells collected at the time of oocyte recovery were used for nuclear donors, and their nuclei were isolated just before injection with shear stress using a blunt-ended pipette 6-8 lm in diameter. The nuclei were injected using the same pipette and in the same enucleation medium but without CB. All micromanipulations were carried out on a heated stage (378C) and were completed within 1.5 h after animal euthanasia. For sham enucleation, the metaphase plate was adjusted to the 6-or 12-o'clock position using the holding pipette, and a part of the cytoplasm with a volume similar to that of the enucleation was aspirated at the 3-o'clock position in the enucleation medium.
Activation and Culture of NT Embryos
The NT oocytes were activated by incubation in potassium simplex optimized medium (KSOM) medium containing 5 lg/ml of CB supplemented with 5 mM SrCl 2 [50] or 100 lM butyrolactone I (BL-I; Enzo Life Sciences) for 5 h [11] . After activation treatment, the NT oocytes were first cultured in KSOM overnight and then in mR1ECM at 378C under a humidified atmosphere with 5% CO 2 in air [51] . The numbers of activated and fragmented NT oocytes were recorded at 5 h of culture. The numbers of two-cell and four-cell embryos were examined at 24 h and 72 h of culture, respectively.
Embryo Transfer
After overnight culture in KSOM, the NT embryos (20-35 per recipient) were transferred into the ampullae of pseudopregnant SD recipients through the wall of the oviducts [52] on the day the vaginal plug was detected (Day 1 of pregnancy). For controls, in vivo fertilized zygotes were cultured overnight, and the resultant two-cell embryos (12-20 per recipient) were transferred to pseudopregnant recipients. Pseudopregnancy of the recipients was induced by mating with vasectomized males with proven sterility. The recipients were euthanized on Day 13 of pregnancy for assessment of NT embryo development. The development of fertilized control embryos was examined by caesarean section on Days 22 through 24 of pregnancy.
Data Analysis
There were at least three replicates for each treatment. Percentage data were arcsine transformed and analyzed with ANOVA; a test of Duncan multiple comparison was used to locate differences. The software used was Statistics Package for Social Sciences (SPSS 11.5; SPSS Inc.). Data were expressed as mean 6 SEM, and P , 0.05 was considered significant.
RESULTS

Elevated Na
+ Levels in Culture Medium Inhibited SA of Rat Oocytes Rat oocytes recovered 13.5 h or 19 h after hCG injection were aged for 6 h in mR1ECM supplemented with NaCl or sucrose before examination for SA. Whereas nonactivated oocytes had chromosomes compacted at the metaphase plate (Fig. 1A) , oocytes undergoing SA showed chromosomes dispersed in the cytoplasm (Fig. 1B) . Without NaCl supplementation, whereas only 13% of the oocytes collected 13.5 h after hCG injection activated spontaneously after culture, 50% recovered 19 h after hCG-initiated SA (Table 1) . Thus, the following experiment used oocytes recovered 19 h after hCG injection. Rates of SA decreased with increasing concentrations 
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of NaCl and reached the lowest level at 50 mM. Although both 100 mM sucrose and 50 mM LiCl produced an osmotic pressure of culture media similar to that produced by 50 mM NaCl, neither inhibited SA of rat oocytes, but rather both stimulated it. In fact, a too high osmolarity became stimulatory and masked the inhibitory effect of sodium. For example, when the NaCl concentration increased from 50 mM to 75 mM, activation rates did not decrease but increased instead from 5% to 79% due to an increase in osmolarities. Furthermore, while 45 mM sucrose showed no effect, 100 mM sucrose that had a higher osmolarity produced a 100% activation rate. Taken together, the results suggest that 1) it is the increased Na + concentration but not the increased osmolarity in culture media that prevents SA of rat oocytes and 2) LiCl did not mimic the action of NaCl, excluding the involvement of chloride ions.
Extracellular Na + Inhibited SA of Rat Oocytes by Regulating MPF and MAPK Activities Because our previous study [34] has shown that changes in MPF and MAPK activities had a major role in SA of rat oocytes, we observed the effect of Na + supplementation on MPF and MAPK activities. Oocytes collected 19 h after hCG injection were cultured in mR1ECM with or without 50 mM NaCl for different times before the assay for MPF and MAPK activities. When cultured in mR1ECM without Na + supplementation, both MPF and MAPK activities first declined immediately after culture (reaching the lowest level at 0.75 h and 1.5 h of culture, respectively), but then both went up significantly to or above their initial level at the onset of culture (Fig. 2) . However, neither MPF nor MAPK activities changed significantly during culture in mR1ECM with 50 mM NaCl. These results confirm that the high extracellular Na + prevented rat oocyte SA by maintaining high and constant MPF and MAPK activities.
Evidence That Extracellular Na
+ Inhibits Rat Oocyte SA by Enhancing NCX Activity and Preventing Intracellular Ca
2+ Rises
To test the role of NCX activity in preventing SA, rat oocytes recovered 19 h after hCG injection were aged for 6 h in mR1ECM supplemented with different concentrations of the NCX inhibitor bepridil in the presence or absence of 50 mM NaCl. Rates of SA increased significantly with increasing concentrations of bepridil whether in the presence or absence of NaCl supplementation (Fig. 3) . However, although the activation rate increased to the highest level at 25 lM bepridil in the absence of Na + supplementation, the same level of activation was not observed until bepridil increased to 37.5 lM in the presence of Na + supplementation. Because it has been reported that the activity of the NCX is inhibited by intracellular Na + [53] , which is controlled by Na + / K + -ATPase (NKA), we observed the effect of ouabain, a specific inhibitor of NKA, on SA of rat oocytes. Rat oocytes were aged for 6 h in mR1ECM supplemented with different concentrations of ouabain and/or NaCl before examination for SA. Without Na + supplementation, rates of SA increased significantly with increasing concentrations of ouabain and reached the highest levels from 0.4 mM onward (Fig. 4) . However, ouabain was less effective in inducing SA with increasing extracellular Na + concentrations. An assay for intraoocyte Ca 2+ concentrations indicated that, while the intraoocyte Ca 2+ level increased significantly with oscillations during culture in HR1 without Na + supplementation, it remained low during culture in HR1 supplemented with 50 mM NaCl (Fig. 5) . When oocytes were cultured in HR1 supplemented with both NaCl and bepridil, however, the intraoocyte Ca 2+ content first increased as markedly as during culture in HR1 alone, although it decreased after a while. Taken together, the results suggest that 1) NCX activity is involved in the extracellular Na + -mediated inhibition of rat oocyte SA and 2) NCX activity in rat oocytes increases with increasing concentrations of extracellular Na + but decreases with increasing levels of intracellular Na + .
The Density of the NCX Decreased with the Aging of Rat Oocytes
To further verify the role of NCX activity in preventing SA, the distribution and quantification of NCX1 in rat oocytes were observed by immunohistochemistry. Whereas oocytes recovered 13.5 h after hCG injection were densely populated with NCX1 particles, the 19-h oocytes showed a sparse distribution of NCX1 particles (Fig. 6 ). Quantification analysis also indicated that the NCX1 density decreased significantly from 13.5 h to 19 h after hCG injection. Because the 19-h oocytes were much more prone to SA than the 13.5-h oocytes (Table  1) , the results further support a role for NCX activity in preventing SA.
FIG. 2.
The MPF and MAPK activities of rat oocytes during in vitro culture with (Na+) or without (NaÀ) Na + supplementation. Oocytes were collected 19 h after hCG injection and cultured for different times in mR1ECM with or without 50 mM NaCl before kinase assay. Newly ovulated oocytes collected 13.5 h after hCG injection were used for controls (C) with 100% enzyme activities. a,b,c,d Values without a common letter differ (P , 0.05).
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Na
+ Supplementation Prevented the MicromanipulationInduced SA of Rat Oocytes
The objective of this experiment was to test whether NT manipulation would cause SA and whether Na + supplementation would prevent the manipulation-induced SA in freshly ovulated rat oocytes. Oocytes recovered 13.5 h after hCG injection were sham enucleated by removing some ooplasm up to 2 h before culture for SA examination. Both manipulation and culture were performed either with or without Na + supplementation. Whereas over 83% (52/63) (Fig. 7) . Na + Supplementation Improved the Development of Rat Somatic Cell NT Embryos Oocytes recovered 13.5 h after hCG injection were enucleated and injected with cumulus cell nuclei in different manipulation media. The reconstructed NT oocytes were activated by incubation with SrCl 2 or BL-I. After activation treatment, the NT embryos were cultured to observe activation and in vitro development. Rates of activation did not differ 
FIG. 5. The Ca
2+ oscillations in rat oocytes after different treatments. Rat oocytes collected 19 h after hCG injection were cultured for 95 min in HR1 alone (NaÀ) or in HR1 supplemented with 50 mM NaCl (Na+) or with both 50 mM NaCl and 37.5 lM bepridil (Na+Bep). The Ca 2+ oscillations were detected during the culture. Each treatment was repeated three times, with each replicate containing about 20 oocytes.
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among manipulation media, but rates of fragmentation were significantly higher in oocytes manipulated in HR1 plus MG132 and activated with BL-I ( Table 2 ). The percentages of NT embryos developing to the two-cell stage were significantly higher in oocytes manipulated in HR1 supplemented with MG132 or NaCl than in oocytes manipulated in HR1 alone. None of the NT embryos cultured developed to the four-cell stage.
To observe in vivo development, NT embryos reconstituted in different media were transferred to pseudopregnant recipients. Implantation was examined on Day 13 after embryo transfer. Both the percentages of recipients with implantations and implantation sites calculated from embryos transferred were significantly higher in NT oocytes reconstructed in HR1 supplemented with NaCl or MG132 than in oocytes reconstituted in HR1 alone (Table 3 ). Although satisfactory rates of live births were obtained after transfer of in vivo fertilized embryos, no live births were observed after transfer of any type of NT embryos.
DISCUSSION
The present results showed that the NCX was active and involved in the extracellular Na + -mediated inhibition of SA in rat oocytes. Thus, whereas elevating the extracellular Na + level by Na + supplementation inhibited oocyte SA, possibly by activating the NCX, ouabain treatment (which was supposed to have inhibited the NCX by increasing the intracellular Na + level) facilitated oocyte SA. Our assay for intraoocyte Ca 2+ concentrations indicated that Na + supplementation efficiently prevented the intraoocyte Ca 2+ rises. Furthermore, incubation of rat oocytes with bepridil increased SA significantly, while triggering Ca 2+ rises. Bepridil is a commonly used NCX inhibitor in different cell types, including oocytes [41, 42, 54, 55] . As the extracellular concentrations of Na + and Ca 2+ remain close to constant, NCX activity is largely under the influence of the intracellular Ca 2+ and Na + concentrations [53] . The intracellular Na + is mainly controlled by NKA [56] . For example, specific inhibition with ouabain or downregulation of the a2-isoform of NKA caused attenuated control of NCX activity, reducing its capability to extrude Ca 2+ from cardiomyocytes [57, 58] . In reproduction, the Na + /Ca 2+ exchange has been observed in mouse [41, 48] and porcine [42] oocytes, but it has not been reported in rat oocytes.
In this study, when rat oocytes were cultured in NaClsupplemented HR1 in the presence of bepridil, the intraoocyte 
FIG. 7. The Ca
2+ oscillations in rat oocytes following sham enucleation. Rat oocytes collected 13.5 h after hCG injection were sham enucleated and cultured for 40 min in HR1 without (NaÀ) or with (Na+) supplementation of 50 mM NaCl. The Ca 2+ oscillations were detected during the culture. Each treatment was repeated three times, with each replicate containing about 20 oocytes.
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Ca
2+ content first increased markedly but then decreased after a while. A similar trace of intraoocyte Ca 2+ was observed during incubation of mouse oocytes in the presence of 50 lM bepridil [41] . It could be that the sudden rise in intraoocyte Ca 2+ caused by inactivation of the NCX had activated mechanisms expulsing Ca 2+ from the cytosol and/or had inactivated mechanisms mediating Ca 2+ influx, to maintain the intracellular Ca 2+ homeostasis. For example, calcium pumps on the plasma membrane and the endoplasmic reticulum are responsible for the expulsion of Ca 2+ from the cytosol of all eukaryotic cells [59] . Furthermore, a rise in the concentration of intracellular Ca 2+ was reported to inactivate Ca 2+ channels in many cell types, providing control of Ca 2+ influx through a negative feedback mechanism [60] .
It is known that the regulation of cytoplasmic free Ca 2+ concentration is a key factor for the maintenance of the viability of cells, including oocytes [61] , and that increases (oscillations) in intracellular free Ca 2+ occur during oocyte meiotic maturation and fertilization [62, 63] . Furthermore, the poor embryo development in mouse oocytes aged in vitro was found to be associated with impaired Ca 2+ homeostasis [64] . However, how the basal Ca 2+ homeostasis or Ca 2+ oscillations are regulated in the oocyte is largely unknown, and whether NCX activity is involved in the perturbed Ca 2+ homeostasis in aged oocytes has not been reported to date. The present results indicated that, whereas few of the freshly ovulated oocytes (collected 13.5 h after hCG injection) with a high density of NCX1 activated spontaneously, half of the aged oocytes (recovered 19 h after hCG injection) with decreased NCX1 contents initiated SA after in vitro culture. Ben-Yosef et al. [65] also observed that freshly ovulated rat eggs recovered 14 h after hCG injection were less likely to undergo SA than the aged eggs recovered 18 h after hCG injection. Thus, the present study has provided the first evidence to date that decreased NCX activity is responsible for the perturbed Ca 2+ homeostasis and thus SA in aged oocytes. Further studies based on these data will contribute to our understanding of the mechanisms and control of oocyte aging.
The present study demonstrated that sham enucleation triggered SA by causing Ca 2+ rises in freshly ovulated rat oocytes, and Na + supplementation to the manipulation medium alleviated the manipulation-induced SA and improved the development of rat somatic cell NT embryos. Thus, when examined 2 h after animal euthanasia, whereas over 83% of the oocytes sham enucleated and cultured without Na + supplementation underwent SA, SA was observed in only about 28% of the oocytes manipulated and cultured with Na + supplementation. Different results were reported by Ito et al. [10] , who observed in Wistar rats that removal of the cytoplasm instead of the metaphase plate did not affect the p34cdc2 kinase activity, even more than 105 min after animal euthanasia, and that premature chromosome condensation of cumulus cell nuclei was induced in the cytoplasm-removed oocytes but not in enucleated oocytes. Marked differences in the susceptibility to SA have been reported between different rat strains and even between different source groups of the same strain. For instance, although Ito et al. [66] found that oocytes of Wistar rats exhibited a higher tendency to undergo SA than oocytes of SD rats, Ross et al. [67] reported that, whereas oocytes of Wistar-CR (from Charles River) were similar, oocytes of Wistar-H (from Harlan) were less susceptible to SA than oocytes of SD rats. Manipulation-induced activation has also been reported in sheep oocytes, and enucleation in Ca 2+ /Mg 2+ -free medium abolished almost completely the manipulationcaused activation [68] .
Many efforts have been made to control manipulationinduced activation in rat oocytes. Proteasome inhibitor MG132 was tried but showed conflicting results. For example, whereas Zhou et al. [11] obtained live offspring using MG132, Mizumoto et al. [14] found that MG132 affected the integrity of the meiotic spindle and influenced the subsequent development of NT embryos. The advantages of using Ca 2+ -free conditions to control SA of rat oocytes are also controversial, and limitations of excluding Ca 2+ from the culture medium include the increased tendency of incubated oocytes to cytolyse and an augmented sensitivity to micromanipulation procedures [9] . Therefore, the present study has 
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concluded for the first time to date that the NT manipulation per se causes SA of freshly ovulated rat oocytes and has proven that manipulation in medium with Na + supplementation can prevent manipulation-induced activation, with improved subsequent development.
In the present study, 85% and 90% of the NT embryos reconstructed in HR1 plus MG132 and HR1 plus NaCl, respectively, developed into two-cell embryos, which was significantly higher than the percentage observed in NT embryos reconstituted in HR1 alone (50%). Furthermore, both the percentages of recipients with implantations and implantation sites were significantly higher after transfer of NT embryos reconstructed in HR1 plus NaCl (2%) or MG132 (1.7%) than embryos reconstituted in HR1 alone (0.8%). Although there are many separate studies that reconstructed rat NT embryos either with or without MG132, no direct comparison has been made to date in a single study between the presence and absence of MG132. Using a protocol similar to the present one without MG132, Kato et al. [69] obtained a cleavage rate of 22% in vitro and an implantation rate of 0.4% after embryo transfer in SD rats. Using a protocol similar to the present one with MG132, Popova et al. [70] observed a cleavage rate of 24.6%, a pregnancy rate of 18.2%, and an implantation rate of 0.9% in OFA-SD rats. Taken together, the present results suggested that supplementation of either Na + or MG132 improved NT embryo development by inhibiting the manipulation-induced SA of rat oocytes. Because MG132 has been proven toxic to oocytes and somatic cells [12] [13] [14] 70] , the present study has thus provided Na + supplementation as a new and physiological method to block SA and to improve the developmental potential of rat oocytes after NT.
In conclusion, the present study has tested our hypothesis that NCX activities would decrease with oocyte aging and that SA of rat oocytes could be inhibited if the intraoocyte Ca 2+ rises were prevented by activating the NCX through increasing Na + concentrations in the culture medium. The results have confirmed the hypothesis by showing that the NCX was active in the rat oocyte and that its activity decreased with oocyte aging. Activating the NCX by increasing extracellular Na + inhibited both the aging-induced and manipulation-induced SA of rat oocytes and improved the development of somatic cell NT embryos. Unfortunately, no live births were achieved after transfer of NT embryos constructed in different manipulation media. This suggests that NT cloning in the rat is a process that is more complicated than we expected and that it is influenced by factors other than SA of oocytes. Nevertheless, the present results have shown for the first time to date that the NCX is active in rat oocytes and that its activity decreases with oocyte aging and have provided a new physiological method for control of oocyte SA, which will be helpful in achieving successful rat cloning in the future. These data are also important for understanding the mechanisms of oocyte aging.
